Abstract: Synthesis of the honeycomb-like MgO/Mg(OH) 2 structures, with controlled shape and size of holes, by the electrolysis from magnesium nitrate hexahydrate melt onto glassy carbon is presented. The honeycomb-like structures were made up of holes, formed from detached hydrogen bubbles, surrounded by walls, built up of thin intertwined needles. For the first time, it was shown that the honeycomb-like structures can be obtained by molten salt electrolysis and not exclusively by electrolysis from aqueous electrolytes. Analogies with the processes of the honeycomb-like metal structures formation from aqueous electrolytes are presented and discussed. Rules established for the formation of these structures from aqueous electrolytes, such as the increase of number of holes, the decrease of holes size and coalescence of neighbouring hydrogen bubbles observed with increasing cathodic potential, appeared to be valid for the electrolysis of the molten salt used.
INTRODUCTION
It is known that an electrochemical deposition process can produce nanostructured deposits in controlled manner. Magnesium oxide/hydroxide synthesis by the electrolysis from magnesium nitrate, sulphate and chloride aqueous electrolytes (with different additives and precursors) has been reported. [1] [2] [3] [4] [5] [6] However, the additional annealing of electrochemically produced magnesium hydroxide is needed to produce MgO. The additional thermal treatment causes calcination and certain level of magnesium oxide crystallization. 4 We successfully 1352 VUKIĆEVIĆ et al. deposited magnesium oxide/hydroxide on glassy carbon by the electrolysis of magnesium nitrate melt and a variety of morphological forms of deposits were recorded (needle-like, flower-like and honeycomb-like). [7] [8] [9] [10] It was found that the current density controlled electrolysis favoured needle-like and flower-like deposit forms and the potential controlled electrolysis favoured flower-like and honeycomb-like structures.
The formation of the honeycomb-like or the 3D (three dimensional) foam structures is of high scientific and technological importance, owing to their possible application as electrodes in many electrochemical devices, such as batteries, sensors and fuel cells, as well as in catalysis. [11] [12] [13] [14] [15] Formation of such metal deposits by electrolysis is known as the gas bubble dynamic template or dynamic hydrogen bubble template (DHBT) method. The method implies that the hydrogen bubbles are generated on a working cathode surface, acting as a dynamic template, around which simultaneous electrodeposition of a metal takes place. 11, 13, 14 Majority of technologically important metals, such as copper, 11, [16] [17] [18] nickel, 19 silver, 20, 21 gold, 22, 23 lead 24 and platinum, 25 can be electrochemically deposited from aqueous electrolytes as honeycomb-like or 3D foam structures.
In our resent study 8, 10 on magnesium nitrate hexahydrate melt electrolysis, it was reported that some of the magnesium hydroxide/magnesium oxide mixture deposits obtained on glassy carbon, exhibit dish-like holes and the holes constructing a honeycomb-like structures. These closely resemble the typical forms characteristic of electrodeposition of copper in the hydrogen co-deposition range. 12, 13, 16, 26 Considering the high technological significance of the honeycomblike structures, we continue our investigation with the aim to define the conditions necessary for the controlled synthesis of the honeycomb-like MgO/Mg(OH) 2 mixture structure by electrolysis of magnesium nitrate molten salt. EXPERIMENTAL A classical three electrode electrochemical system composed of a glassy carbon (GC, Alfa Aeser-Johnson Mathey. Co, USA) working electrode (cathode area approximately 1 cm 2 exposed to the melt), a reference electrode of Mg wire (3 mm in diameter, 99.999%, Luoyang Magnesium Gurnee Metal Material Company. Ltd, Henan, China) and a Mg counter electrode (surface area 7.5 cm 2 , 99.999%) was used for electrochemical experiments. The working electrode polished with alumina powder was ultrasonically cleaned in ethanol and deionized water and then dried at room temperature. Magnesium reference and counter electrodes were prepared and cleaned as described earlier. [27] [28] [29] 
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In contrast to the experimental conditions applied in our earlier work, 8, 10 in linear sweep voltammetry experiments (LSV), the potential was swept from starting potential, E S, being 0.000 V to a final cathodic potential, E C, of -1.000 V vs. Mg/Mg 2+ , and back to E S . Experiments under the potentiostatic regime were carried out at: -0.200 V vs. Mg/Mg 2+ , -0.700 V vs. Mg/Mg 2+ and -1.000 V vs. Mg/Mg 2+ applied to the working electrode at T = 373 K. Also, in all electrodeposition processes, the deposition charges were limited to 2 C. After electrolysis, the working electrode was taken out from the cell, rinsed with absolute ethanol (Zorka--Pharma, Šabac, Serbia) and dried at room temperature.
The surface morphology and composition of the deposited samples were characterized by SEM (TESCAN digital microscope; model VEGA3, Brno, Czech Republic) equipped with an energy dispersive spectrometer (EDS). Crystal structure of the deposit obtained by deposition at -0.200 V vs. Mg/Mg 2+ with charge limited to 2C was analysed by Philips PW 1050 powder diffractometer, at room temperature with Ni-filtered CuK α radiation (λ = 1.54178 Å) and scintillation detector within 2θ 20-75° range in steps of 0.05°, and scanning time of 4 s per step.
RESULTS AND DISCUSSION
Glassy carbon (GC) reversible potential measured in the melt used under experimental conditions was 1.400±0.050 V vs. Mg/Mg
2+ . An example of a cyclic voltammogram recorded with glassy carbon working electrode in the melt used, scanning the potential range from 0.000 V to -1.000 V vs. Mg/Mg 2+ and back, is shown in Fig. 1 . There are two well defined broad current waves in the cathodic part of the voltammogram and no anodic counterparts. The first cathodic current wave (I) was observed with the maximum at -0.200 V vs. Mg/Mg 2+ followed by a subsequent drop to the minimum at -0.330 V vs. Mg/Mg 2+ . The second cathodic current maximum (II) was observed at -0.700 V vs. Mg/Mg 2+ and it was followed by a constant current decrease to a minimum at -1.000 V vs. Mg/Mg 2+ . In the anodic scan, there were no current waves which would indicate the oxidation complementary to the two cathodic ________________________________________________________________________________________________________________________ (CC) 2018 SCS. current waves. Thеsе recordings were in a very good agreement with our previous results, obtained on GC electrode in the same melt [7] [8] [9] [10] where starting potential has been E s = 1.400 V vs. Mg/Mg 2+ . The most important electrochemical and chemical reactions, from the greater series of 13 reported elsewhere, 10, 27, 30 responsible for formation of the shown structures can be summarized as: 4, 6, 10, 30, 31 2 H 2 O + 2e
 MgO (6) Therefore, the wave I, in Fig. 1 , includes the currents reflecting more pronounced reactions given by Eqs. (1) and (3), and wave II recorded the currents reflecting reactions given by Eqs. (1), (2) and (4). The synthesis of magnesium oxide and magnesium hydroxide from the products of the reactions cited here, Eqs. (2), (5) and (6), and elsewhere, 6, 10, 27, [29] [30] [31] proceeds at the working electrode surface within the whole potential range applied. Hydrogen gas bubbles produced on the electrode surface and their detachment from the surface provide a fresh area for the electrochemical reactions. However, the gas bubbles do not detach from the electrode surface so easily. Very often, they are detained by very fast growing needle-like and similar MgO/Mg(OH) 2 deposit structures which surround and sometimes even cover them.
The chronoamperogram reflecting electrodeposition with restricted charge used at -0.200 V vs. Mg/Mg 2+ is shown in Fig. 2 . Typical current-time transient during deposition showed that after about 2500 s cathodic current density decreases down to -0.2 mA cm -2 . However, with increasing deposition time the Available on line at www.shd.org.rs/JSCS/ THE HONEYCOMB-LIKE MgO/Mg(OH) 2 STRUCTURES 1355 current density increased again and reached the maximum of -0.5 mA cm -2 at about 5000 s. This maximum is than followed by another slow decrease.
The rise and fall of the current density observed during deposition at -0.200 V vs. Mg/Mg 2+ , using the amount of total charge passed during the deposition restricted to 2 C (Fig. 2) , should therefore be attributed to the increase of hydrogen evolution, magnesium cations and nitrate reduction rates on the freed electrode surface (gas bubbles leaving) and the subsequent fall of these rates due to a pseudo-passivation of the electrode surface (Mg oxides and hydroxides being formed). 29, 32 X-ray analysis of the deposit synthesized under potentiostatic regime with 2.0 C applied charge is shown in Fig. 3 . XRD pattern revealed that the deposit is composed of a mixture of magnesium hydroxide (Mg(OH) 2 The average size of the holes recorded was estimated to be around 2 μm (Fig. 4c) . It should be noted that the holes were surrounded by very thin nano--sized needles oriented in all directions. Tips of the needles were grouped in bundles making relatively compact wall structure around the holes. The deposit obtained at -0.200 V vs. Mg/Mg 2+ was analysed by EDS and the chemical composition of the honeycomb-like structure is shown in the Fig. 4d . Figure 5 shows the honeycomb-like structure obtained at the potential of -0.700 V vs. Mg/Mg 2+ , using the same quantity of charge as in Fig. 4 . The estimated average hole size was around 1 μm (Fig. 5c) . The difference in structural characteristics between deposits in Figs. 4 and 5 was immediately apparent. The increase in the number of holes formed by the detachment of hydrogen bubbles and the decrease of hole sizes has to be attributed to the electrodeposition potential applied (Fig. 5a and b) . As expected, the changes in structural characteristics of the obtained honeycomb-like structures can be ascribed to the inten- Further increase in the cathodic potential applied led to further intensification of the hydrogen evolution. As a result of vigorous hydrogen evolution and high electrocrystallization rate at the potential of -1.000 V vs. Mg/Mg 2+ , the honeycomb-like structure lost its recognizable regular appearance, as shown in Fig. 6 . A number of holes remained captured in the interior of the deposit structure (Fig. 6a ). It appears that there was coalescence of the closely formed hydrogen bubbles (Fig. 6b) . In the same time there is a portion of needles which mutually coalesced to make a compact surface of this structure type (Fig. 6c) . Hence, unlike the results presented in our previous reports, [7] [8] [9] [10] where the flower-like forms, as well as a mixture of dish-like holes and holes constructing the honeycomb-like structure were obtained, here we show that it is possible to define conditions that enable a formation of the uniform honeycomb-like structures of the controlled shape and size of the holes formed from the detached hydrogen bubbles. It is attained by the careful selection of electrolysis conditions. Namely, in our recent investigation, 10 the pulse of 1.400 V vs. Mg/Mg 2+ preceded to the electrolysis at the selected potential, by which the flower-like forms and dish-like holes were formed. The absence of this pulse enabled formation of uniform honeycomb-like structures. Anyway, the analysis of the honeycomb-like structures presented in Figs. 4-6 showed that the honeycomb-like structure obtained at -0.200 V vs. Mg/Mg 2+ was more uniform than those formed at potentials of -0.700 and -1.000 V vs. Mg/Mg 2+ . This can be ascribed to the fact that the increase in cathodic potential causes both intensification of the hydrogen evolution reaction and the increase of the magnesium oxide/magnesium hydroxide electrocrystallization rate.
From the presented results, it is apparent that the honeycomb-like structures can be synthetized not only by the electrolysis from aqueous electrolytes, but also by the electrolysis from melt, as shown in this work. Additionally, it appears that similar rules are valid for the formation of honeycomb-like structures made of metals being deposited from aqueous electrolytes and honeycomb-like structures made of MgO/Mg(OH) 2 mixtures, being obtained by the electrolysis of magnesium nitrate melt. The rules seem to be determined by the increase of number of holes originating from the detached hydrogen bubbles, by the decrease of their size, and by coalescence of neighbouring bubbles, as a result of an intensification of hydrogen evolution reaction with the increasing cathodic potential. [11] [12] [13] [14] [15] Therefore, it seems logical to discuss the analogies between the formations of honeycomb-like metal structures obtained by the electrolysis from the aqueous electrolytes and the formation of honeycomb-like MgO/Mg(OH) 2 structures obtained by the electrolysis of the magnesium nitrate hexahydrate melt.
According to Winand, 33 in the dependence of the exchange current density, melting points and overpotentials for hydrogen discharge, metals are classified into three groups: normal, intermediate and inert ones. The group of the normal metals, such as Pb, Sn, Ag, Cd and Zn, is characterized by the high values of both the exchange current density and overpotential for hydrogen evolution, as well as by the low melting points. The group of the intermediate metals, such as Cu, Au and Ag (ammonium electrolyte) is characterized by the lower values of the exchange current density and overpotential for hydrogen evolution than the normal metals. Finaly, the third group of metals makes the so-called the inert metals, such as Ni, Co, Pt and Pd, and they are characterized by both low exchange current densities and overpotentials for hydrogen evolution, as well as by the high melting points.
The fact that well defined needles oriented in all directions were formed among holes, indicates that MgO/Mg(OH) 2 mixture behaves almost as the normal metal. One of the main characteristics of electrodeposition of the normal metals is diffusion control starting from very low potentials 13, 34 as confirmed here by the formation of well defined needles in a whole range of examined potentials. For comparison, the needle-like, as well as the other type of dendritic forms, are also formed starting from low cathodic potentials during electrodeposition processes of Pb and Ag (the typical representatives of the normal metals) from the aqueous electrolytes. 13 On the other hand, the MgO/Mg(OH) 2 mixture shows certain characteristics that define the so-called inert metals. Low values of both the exchange current density and the overpotential for hydrogen evolution reaction means that there is a parallel between metal electrodeposition process and the hydrogen evolution reaction in the whole range of potentials. 13, 35 In this case, the honeycomb-like structures are formed throughout the magnesium OPD region. However, the fact that well defined needles similar to those formed around holes are obtained in the magnesium UPD region where there is no hydrogen evolution, 10 suggests that the formation of the MgO/Mg(OH) 2 deposit still behaves as the normal metal. This implies that the evolved hydrogen had no effect on the hydrodynamic conditions in the near-electrode layer, and hence, on the morphology of the deposits around the holes. The similar situation is observed during the formation of the honeycomb-like structure of Pb, as one of the most important representatives from the group of the normal metals. 24 The very thin needles were formed around the holes during electrodeposition of Pb in the honeycomb-like form.
CONCLUSION
The processes of electrolysis from magnesium nitrate hexahydrate melt have been analyzed by the linear sweep voltammetry (LSV) and chronoamperometry, while morphology of the deposits obtained by the potentiostatic regime of electrolysis was characterized by the techniques of scanning electron microscopy (SEM) and EDS. The XRD analysis of the deposit showed that MgO/Mg(OH) 2 mixture was obtained by this electrolysis process.
It was shown that the honeycomb-like structures made of MgO/Mg(OH) 2 mixture constructed around the holes originating from the detached hydrogen bubbles and surrounded by the thin intertwined needles were formed in a wide range of cathodic potentials applied. The shape and the size of holes were strongly controlled by the choice of the cathodic potential.
All factors influencing the formation of the honeycomb-like metal structures obtained by the electrolysis from aqueous electrolytes appeared to govern the 1360 VUKIĆEVIĆ et al.
formation of the honeycomb-like MgO/Mg(OH) 2 structures, obtained from the molten salt electrolysis onto glassy carbon working electrode. This analogy with the formation of the honeycomb-like metal structures from the aqueous electrolytes suggested that, in spite of the vigorous hydrogen evolution, MgO/Mg(OH) 2 deposit formation behaved as a deposit characteristic for electrodeposition of the normal metal. Представљено је формирање MgO/Mg(OH)2 структура облика пчелињег саћа кон-тролисаног облика и величине рупа, процесом електролизе растопљеног магнезијум--нитрата-хексахидрата на стакластом угљенику. Добијене структуре пчелињег саћа су се састојале од рупа, формираних одвајањем мехурова водоника, окружених зидом од танких испреплетаних игала. По први пут је показано да се структуре пчелињег саћа могу добити не само електролизом из водених електролита, већ такође и електролизом из растопа. Аналогије са процесима формирања талога облика пчелињег саћа из воде-них раствора су изнесене и продискутоване. Све законитости утврђене за формирање ових структура из водених електролита, као што су повећање броја рупа, смањење вели-чине рупа и сједињавање суседних мехурова водоника посматраних са повећањем ка-тодног потенцијала, важе и за електролизу из растопа.
(Примљено 13. септембра, ревидирано 4. октобра, прихваћено 8. октобра 2018)
